ABSTRACT: Loggerhead turtles Caretta caretta use a wide variety of foraging strategies, and some populations forage in sub-optimal habitats. Different foraging strategies may not be equivalent in terms of fitness and may result in differences in adult body size and clutch size among populations. Accordingly, we tested whether differences in clutch size among rookeries in the Mediterranean Sea are related to differential use of foraging grounds of contrasting productivity. Stable isotope ratios of carbon and nitrogen of turtle hatchlings from 8 Mediterranean rookeries were used to characterise the foraging grounds of their mothers. Clutch size was also studied in each rookery to assess reproductive output linked to foraging ground productivity. According to stable isotope ratios, most of the females nesting in the considered rookeries foraged in the southern Ionian Sea. The highly productive Adriatic/northern Ionian Sea region was mainly used by females nesting in western Greece. The explanation for these patterns might be linked to water circulation patterns and drifting trajectories followed during developmental migrations, which might determine individual knowledge on the location of productive foraging patches. Average clutch size in each rookery was positively correlated to the proportion of females accessing highly productive areas such as the Adriatic/northern Ionian Sea. This has a strong influence on reproductive output, and hence females using the most productive foraging grounds had the largest clutch sizes.
INTRODUCTION
Habitat quality has a strong influence on survival, fitness and reproductive output in animal species (Halama & Reznick 2001) . Free distribution models assume that wild animals exploiting heterogeneous habitats select the most suitable foraging patches based on knowledge of habitat heterogeneity (Stephens & Krebs 1986 ). However, several wild populations have been recorded foraging in areas that offer lower profitability and reproductive output; i.e. sub-optimal (Pyke 1984) . This might have an effect on populations, as different foraging strategies may not be equivalent in terms of fitness and may result in differences in adult body size or clutch size among populations (Broderick et al. 2003) .
The use of sub-optimal foraging strategies has been recorded in certain populations of large marine vertebrate species such as the South American sea lion Otaria flavescens (Drago et al. 2010) , the leatherback turtle Dermochelys coriacea (Shillinger et al. 2008 ) and the loggerhead turtle Caretta caretta (Zbinden et al. 2011 , Eder et al. 2012 . The loggerhead turtle is the most abundant sea turtle in subtropical and warm temperate regions of the world and has a complex life cycle characterised by long migrations (Bolten 2003 , Plotkin 2003 . During juvenile stages, loggerhead turtles undertake developmental migrations in which they disperse thousands of kilometres across the ocean to recruit to adult foraging grounds (Bolten 2003) . These juvenile migrations may involve frequent shifts in habitat (McClellan & Read 2007 , Casale et al. 2008 , Cardona et al. 2009 , Mansfield et al. 2009 , McClellan et al. 2010 but, after settlement, adult turtles remain faithful to the same foraging ground throughout most of their life (Broderick et al. 2007 , Schofield et al. 2010 , Vander Zanden et al. 2010 , Hawkes et al. 2011 .
However, although adult individual turtles show strong fidelity to foraging grounds and strong philopatry to nesting areas, several authors have suggested that adults nesting in a same rookery may present a wide variety of foraging strategies and destinations (Hatase et al. 2002 , Hawkes et al. 2006 , 2011 , Mansfield et al. 2009 , Reich et al. 2010 , Vander Zanden et al. 2010 , Zbinden et al. 2011 , Arendt et al. 2012 , Ceriani et al. 2012 , Eder et al. 2012 , Pajuelo et al. 2012 ). This variety might arise from individual differences in the knowledge on heterogeneity of habitats (Hatase et al. 2002 , Hays et al. 2010 , Eder et al. 2012 . Because different drifting trajectories are followed during developmental migrations (Wyneken et al. 2008 , Hays et al. 2010 , Putman et al. 2012 , the habitat patches visited by individuals from the same rookery might stochastically differ (McClellan & Read 2007 , McClellan et al. 2010 ). These differences may influence decisions at the time of recruitment; the most productive habitat patches visited during juvenile stages may be those chosen as adult foraging grounds, as also Table 1 ). Annual primary production (gC m −2 yr −1 ) over the period 1997 to 2001 adapted and modified from Bosc et al. (2004) . LIB (Libya), ISR (Israel), LEB (Lebanon), CYP (Cyprus), WTU (western Turkey), CRE (Crete), LAK (Lakonikos), ZAK (Zakynthos) seen in the leatherback turtle (Fossette et al. 2010 , Gaspar et al. 2012 . Productive habitat patches in the Mediterranean Sea are scarce and scattered throughout the basin (Fig. 1) . According to the optimal foraging theory (Stephens & Krebs 1986), most of the females nesting in the Mediterranean Sea would be expected to forage in the highly productive Adriatic Sea to maximise reproductive output. However, recent studies have shown many cases departing from this principle. The scant data available from studies based on satellite tracking and passive tag recovery of females indicate that only a very small proportion of turtles nesting in Libya (Hochscheid et al. 2012 ), Crete (Margaritoulis & Rees 2011 , Patel et al. 2012 and Cyprus (Broderick et al. 2007 ) and only half of the females nesting in western Greece (Margaritoulis et al. 2003 , Hays et al. 2010 , Zbinden et al. 2011 forage in the Adriatic Sea. The explanation probably lies in the complex pattern of surface circulation in the eastern Mediterranean Sea (Hamad et al. 2006 , Hays et al. 2010 ) which likely hinders access of juveniles from most rookeries in the eastern Mediterranean Sea to the productive waters of the Adriatic Sea, with juveniles from western Greece being the only exception (Hays et al. 2010) . Thus, if adult foraging grounds are selected on the basis of knowledge gained during the developmental migration (Hatase et al. 2002 , Hays et al. 2010 , Eder et al. 2012 , Gaspar et al. 2012 , only females from rookeries in western Greece would be expected to settle into the Adriatic Sea.
Access to the Adriatic Sea by turtles from western Greece is likely to promote their fitness and may explain why turtles nesting there are larger and lay more eggs than anywhere else in the Mediterranean Sea (Margaritoulis et al. 2003) . If this were the case, it would demonstrate that the above mentioned variety of foraging strategies may not be equivalent in terms of fitness (Hatase et al. 2002 , Reich et al. 2010 , Zbinden et al. 2011 , Eder et al. 2012 ). Accordingly, this paper aims to investigate whether differences in clutch size among rookeries in the eastern Mediterranean Sea are a consequence of differential use by adult females of foraging grounds of contrasting productivity. To do so, we compare the mean clutch size in 8 major rookeries with the proportion of females from each rookery that forage in highly productive habitat patches, as characterised by stable isotopes of carbon and nitrogen.
Previous research on sea turtles has demonstrated that stable isotope ratios in females and hatchlings are highly correlated (Frankel et al. 2012) . Accordingly, stable isotope ratios in eggs and hatchlings offer a good alternative to reconstruct the foraging habitats of females without disturbing them during the nesting process.
MATERIALS AND METHODS

Sampling
Samples of muscle were taken from 152 dead hatchlings from a selection of rookeries in the Mediterranean Sea (Fig. 1 Nests were excavated after hatchling emergence, and samples were collected from 1 fresh-dead hatchling per nestr. Only 1 hatchling per nest was analysed because little variation had been previously found among individuals from a given nest (Frankel et al. 2012) . Through this methodology, no hatchling was sacrificed for this experiment. No differences in stable isotope composition between live and freshdead hatchlings were expected, as decomposition was not obvious and even if so, Payo-Payo et al. (2013) found that stable isotope ratios in the muscle of loggerhead turtles do not change over time due to decomposition. Samples were stored in 95% ethanol, known not to modify stable isotope ratios of muscle tissue (Hobson et al. 1997 Independency between samples can be assumed as sampling protocol was designed to avoid pseudoreplication: i.e. female flipper tagging and samples were taken from clutches laid within a 15 d window to avoid sampling hatchlings from the same individual turtle, as females rarely nest at intervals shorter than this period (Dutton 1995) . Clutch size was calculated from the excavated nests remains, including both unhatched eggs and empty egg shells.
Stable isotope analysis
The analysis of stable isotope signatures in animal tissues provides information on diet but also can be used to track foraging ground locations, as tissue signatures reflect those of the specific food webs present in a certain area (Hobson 1999 , Fry 2006 .
Although the isotopic landscape, or isoscape, of the central and eastern Mediterranean Sea is poorly known, Zbinden et al. (2011) reported differences between the average δ 15 N values in female turtles foraging in the Adriatic/northern Ionian Sea and in those foraging in the southern Ionian Sea. To gain a further insight into the spatial variation in isotopic ratios we collected samples of the benthic crab Liocarcinus depurator, a widespread species that constitutes a major component in the diet of adult loggerhead turtles (Tomás et al. 2001 , Casale et al. 2008 , Travaglini & Bentivegna 2011 . A sample of 5 benthic crabs was collected in each of 7 locations spread over the central and eastern Mediterranean Sea ( Fig. 2 ): Port Said (southern Levantine Sea), Limassol (northern Levantine Sea), Chania (southern Aegean Sea), Zakynthos (north-eastern Ionian Sea), Trieste (north Adriatic Sea), Catania (north-western Ionian Sea) and Lampedusa (south-western Ionian Sea).
Muscle tissue samples from crabs and hatchlings were oven-dried at 60°C for 48 to 72 h and then ground into fine powder. Lipids were extracted from all tissues with a chloroform-methanol (2:1) 
Data analysis
Differences in the isotope composition among populations of Liocarcinus depurator and loggerhead hatchlings were assessed independently for carbon and nitrogen through ANOVA tests with SPSS v15.0. Zbinden et al. (2011) analysed egg yolk; in this paper we analyse muscle from hatchlings. To our knowledge, studies have not focused on the isotopic correlation and discrimination factors between egg yolk and muscle of hatchlings, al- though the relative abundance of the heavy isotopes is expected to increase during embryonic development due to the preferential excretion of light isotopes as a result of animal metabolism (Martínez del Rio et al. 2009 ). To assess the relevance of such a potential source of bias, the stable isotope ratios provided by Zbinden et al. (2011) for egg yolk from females nesting in Zakynthos were compared with the stable isotope ratios of hatchlings for the same beach (see below), using a Student's t-test with SPSS v15.0. As differences were not statistically significant (see 'Results'), the values from Zbinden et al. (2011) were considered good proxies to classify the foraging ground of the females whose hatchlings were analysed in the present study. Individuals that fell in the overlapping range between the Adriatic/ northern Ionian Sea and the southern Ionian Sea were assigned to the area with the closest values for subsequent calculations. Values of δ 15 N or δ
13
C beyond the range reported by Zbinden et al. (2011) were considered to reveal foraging in other areas, and hatchlings were classified accordingly. A Pearson's correlation test carried out with SPSS v15.0 was used to assess the relation between the proportion of hatchlings from females foraging in the Adriatic/ northern Ionian Sea in each rookery and the distance to that region. The test was performed twice with minimum linear and coastal distances to test for possible differences.
The relationship between reproductive output and putative foraging ground was assessed by comparing the average clutch size of nests likely to have been laid by mothers foraging in the Adriatic/northern Ionian Sea (δ 15 N > 11.5 ‰, according to Zbinden et al. 2011 ) with those with hatchlings presenting a value of δ 15 N lower than 11 ‰ thus likely to have been laid by mothers foraging in the southern Ionian Sea. A Student's t-test was performed to analyse the statistical significance of such difference.
A data set of 158 nests from Israel was used to assess whether the protocol used here resulted in any bias in clutch size estimation. A Student's t-test was used to compare the average clutch size of nests with at least 1 dead hatchling and those without any dead hatchlings.
RESULTS
Stable isotope analysis
The δ 13 C ratios of Liocarcinus depurator varied significantly among sampling locations (F 6, 28 = 14.041, p < 0.001) and revealed a longitudinal gradient along the eastern Mediterranean Sea, with the highest values in the Adriatic Sea and the western Ionian Sea and the lowest values in the Levantine Sea (Fig. 2) Zbinden et al. (2011) for egg yolk from Zakynthos and the corresponding ratios here reported for hatchling muscle from the same beach were not statistically significant, either for δ 15 N (yolk = 11.0 ± 2.3; muscle = 11.4 ± 2.3; t 30 = 0.436, p = 0.666) or δ 13 C (yolk = −17.7 ± 1.6; muscle = −16.7 ± 1.6; t 30 = 1.717, p = 0.096). Accordingly, the stable isotope ratios reported by Zbinden et al. (2011) were used as a benchmark to identify the foraging grounds of the females laying the nests considered here.
When considered individually, 106 hatchlings fell within the range of δ 15 N values previously reported for the eggs from females foraging in the southern Ionian Sea, 21 within the range of δ 15 N values corresponding to foraging in the Adriatic/northern Ionian Sea and 20 hatchlings to the range in between the 2 areas (Fig. 3) . The δ 15 N values of the remaining 5 hatchlings fell outside that range and their mothers likely foraged in other areas. Although females foraging in the Adriatic/northern Ionian Sea and in the southern Ionian Sea were not expected to differ in δ 13 C values, 17 hatchlings fell beyond the δ 13 C range values reported for both areas, thus indicating the use of other foraging grounds (Fig. 4) . According to the isoscape revealed by Liocarcinus depurator, the 2 hatchling samples from Israel, characterised by very low δ 13 C values, could correspond to females foraging in the Levantine Sea. The remaining 15 hatchlings were too enriched in 13 C to correspond to females using the Ionian Sea or the Adriatic Sea according to the values provided by Zbinden et al. (2011) and, according to the eastward decrease in δ 13 C revealed by the L. depurator isoscape, they might have foraged somewhere to the west.
The proportion of females foraging in the Adriatic/ northern Ionian Sea increased downstream the main current, from 4% in Libya to 45% in Zakynthos (Fig. 5) . A significant correlation was observed between the shortest geographical distance (Lat/ Long distance) from each rookery to the Adriatic Sea and the proportion of females foraging in the Adriatic/ northern Ionian Sea (Pearson's correlation test, r = −0.769, p = 0.026). When the distance from the beach to the Adriatic Sea was computed along the coastline (coastal distance) the correlation was still significant (Pearson's correlation test, r = −0.784, p = 0.021).
Clutch size
The average clutch size per rookery ranged from 78 to 129 eggs per nest, and the individual clutch size from 35 to 171 eggs (Table 1) . These recordings correspond to the average clutch size of nests with at least 1 dead hatchling, which is slightly larger than the average clutch size of nests without dead hatchlings in the data set from Israel used as reference (clutch size no dead = 70.5 ± 20.7 eggs; Accordingly, the 2 rookeries with the highest proportion of females likely to forage in the Adriatic/northern Ionian Sea (Zakynthos and Lakonikos) had the largest average clutch size (Fig. 1, Table 1 ).
DISCUSSION
The stable isotope results reported here identify the southern Ionian Sea as the major foraging ground for most of the rookeries analysed, and indicate that the Adriatic/northern Ionian Sea region is used by a high proportion of females nesting in western Greece. This is supported by the reconstruction of the regional isoscape through values obtained for Liocarcinus depurator, which revealed a previously undescribed decline in the δ (Broderick et al. 2007 ), but nothing was known about the foraging destinations of turtles nesting in western Turkey or Israel. The isoscape derived from Liocarcinus depurator confirms the southern Ionian Sea as an isotopically distinct region, and the stable isotope ratios from turtle hatchlings confirm that the southern Ionian Sea is a major foraging ground for adult females from the studied rookeries. It should be kept in mind that the protocol used did not consider nests without dead hatchlings, which are in turn characterised by a slightly lower clutch size than those with at least 1 dead hatchling. As females foraging in the southern Ionian Sea are characterised by a smaller clutch size than those foraging in the Adriatic/northern Ionian Sea, this means that the proportion of females foraging in the southern Ionian Sea has actually been slightly underestimated in this study. In any case, the widespread utilisation of the southern Ionian Sea by adult females is hardly surprising, as the area is easily accessible following the main cyclonic current of the eastern Mediterranean (Fig. 6 ) during developmental migrations according to virtual particle tracking models (Hays et al. 2010 , Putman & Naro-Maciel 2013 . In contrast, stable isotope data indicate that the highly productive Adriatic Sea (Bosc et al. 2004 ) and the adjoining northern Ionian Sea are largely used by females nesting in western Greece (Zbinden et al. 2011 , this study), but seldom used by females from other regions (Margaritoulis & Rees 2011 , Patel et al. 2012 , Hochscheid et al. 2012 , this study). We found a decreasing proportion of turtles with stable isotope ratios consistent with foraging in the Adriatic/northern Ionian Sea as we moved upstream from Zakynthos to Libya. These results are consistent with the peripheral position of the Adriatic and northern Ionian Seas within the general current system of the eastern Mediterranean Sea (Hamad et al. 2006, our Fig. 6 ) in contrast to the central position of the southern Ionian Sea and the results of the virtual particle tracking models (Hays et al. 2010 , Putman & NaroMaciel 2013 . It should be noted, however, that some parts of the northern Ionian Sea cannot be properly differentiated from the southern Aegean Sea in the isoscape derived from Liocarcinus depurator, and that the Aegean Sea is used at least by turtles nesting in Crete according to tag recovery data (Margaritoulis & Rees 2011). As a consequence, some of the turtles classified as foraging in the Adriatic/ northern Ionian Sea might actually forage in the southern Aegean Sea. Further research is needed to clarify the origin of turtles foraging there.
The limited use of the Adriatic/northern Ionian Sea by females from rookeries other than Zakynthos and Lakonikos is intriguing because the Adriatic Sea is indeed the most productive area of the western Mediterranean Sea (Bosc et al. 2004 ) and females foraging there are larger (Margaritoulis et al. 2003) and lay more eggs than females foraging elsewhere (Zbinden et al. 2011, this study) . If turtle distribution was only dependent on a balance between food availability and distance to rookery, turtles from western Turkey, Cyprus, Israel and Lebanon would be expected to use the Adriatic/northern Ionian Sea and the southern Ionian Sea in equal proportions as these 2 foraging grounds are equidistant from rookeries in the eastern Mediterranean Sea. However, this has only been observed in Zakynthos (western Greece), where turtles present a strong dichotomy between these 2 equidistant foraging grounds (Zbinden et al. 2011, this study) . Thus, settlement at the shortest distance to their natal areas, as proposed by Bowen et al. (2005) , might not be enough to explain selection of foraging grounds used by turtles nesting in the eastern Mediterranean Sea. Rather the contrary, differences in knowledge of the location of productive foraging grounds due to limited dispersal during the developmental migration could also ex plain why adult turtles from other rookeries do not massively use the peripheral Adriatic/northern Ionian Sea as a foraging ground. Future research should focus on hatchling and juvenile tracking to test both hypotheses, as none can be excluded with the current data. Adapted and modified after Robinson et al. (2001) and Millot & Taupier-Letage (2004) Another highly productive area in the eastern Mediterranean Sea is the coastal fringe situated east of the Nile Delta, in the southern Levantine Sea (Bosc et al. 2004 , Oczkowski et al. 2009 ). Satellite tracking has revealed the presence of females from Cyprus in the area (Broderick et al. 2007 ), but did not clarify whether these turtles were in transit towards the Ionian Sea because transmission ceased after the individuals reached the area. The absence of individuals simultaneously enriched in 15 N and depleted in 13 C in comparison with those foraging in the southern Ionian Sea indicates, according to the isoscape derived from Liocarcinus depurator, limited foraging in the southern Levantine Sea -an intriguing result because this area is located downstream from the nesting beaches in Libya (Fig. 6) . However, meso scale eddies in the southern Ionian basin might retain Libyan hatchling drifters within that sub-basin (Hays et al. 2010) and hence might limit the eastward dispersal of turtle hatchlings to the Levantine Sea. This, in turn, might limit their knowledge of habitat heterogeneity and restrict adult females to use the area as a foraging ground (McClellan & Read 2007 , McClellan et al. 2010 . Finally, the stable isotope ratios also showed that the northern Levantine Sea might be used as a foraging ground only by a few females from Israel, a finding in accordance with previous studies using satellite tracking (Broderick et al. 2007 ). This is hardly surprising, considering the low primary productivity of most of the area (Bosc et al. 2004 ).
The distribution patterns described here demonstrate the existence of a strong link between the foraging grounds used by adults and the location of their rookeries. This has consequences for reproductive output since we found a strong correlation between the specific foraging grounds used and the average clutch size of its nesting females. Thus, females foraging in the Adriatic/northern Ionian Sea had larger clutch sizes than females from the same rookery that forage in less productive areas such as the southern Ionian Sea. Differences between both groups may actually be even larger, since the protocol used for this study did not consider nests without dead hatchlings and hence might have slightly overestimated the average clutch size of individuals foraging in areas of low productivity.
Although female size was not assessed in this study, differences in clutch size are likely related to differences in body size (Frazer & Richardson 1986 , Miller 1997 , Zbinden et al. 2011 . Sea turtle females foraging in highly productive foraging grounds grow larger, improving their reproductive output and hence laying a larger number of eggs (Broderick et al. 2003 , Plot et al. 2013 . Accordingly, the largest clutch sizes were found in western Greece, where the largest nesting loggerhead females in the Mediterranean Sea have been recorded (Zakynthos = 82.7 to 83.8 cm curved carapace length [CCL] ; Lakonikos = 84.1 to 84.6 cm CCL; Margaritoulis et al. 2003) . In contrast, clutch size and female body size (Margaritoulis et al. 2003) were smaller in rookeries that hosted a large proportion of females foraging in the southern Ionian Sea, although turtles nesting there might present behavioural adaptations to increase fitness such as the reduced remigration interval recorded in Cyprus (Broderick et al. 2003) . However, data on remigration intervals were not available for the studied beaches and hence solid conclusions on this issue could not be drawn in the current study.
Importantly, the reported results suggest that differences between rookeries are not shown at population level, but at individual level. Turtles foraging in highly productive foraging grounds nest at the same rookeries as turtles foraging in less productive grounds; those individual differences might be stochastically driven by water circulation patterns that determine the drifting trajectories followed during developmental stages (Wyneken et al. 2008 , Hays et al. 2010 , Putman et al. 2012 , which might modulate the knowledge of productive habitat patches available in the area to be used as adult foraging grounds (McClellan & Read 2007 , McClellan et al. 2010 . Actually, the populations with a larger proportion of females foraging into the highly productive habitats of the Adriatic/northern Ionian Sea are the largest in the region, whereas females foraging in the southern Ionian Sea dominate in some of the smallest populations (Casale & Margaritoulis 2010) . The Israeli and Lebanese populations are particularly interesting, as thousands of turtles were slaughtered annually during the 1920s (Sella 1982), but only a few tens of adult turtles survive currently. The regional decrease in oceanic productivity caused by the regulation of the Nile (Oczkowski et al. 2009 ) might have played a role in preventing the recovery of those populations, according to the results provided here.
In addition, the foraging grounds used not only can have an effect on fitness of loggerhead populations nesting the Mediterranean Sea, but also can alter their probability of survival. Bycatch rates are highly variable within the basin (Casale 2011 ) and the impact of fisheries interactions on foraging populations will depend on the overlap between fishing and turtle distribution (Wallace et al. 2008 (Wallace et al. , 2013 and also on the birth rate of the populations involved. In this context, populations with a large number of individuals foraging in the southern Ionian Sea are more vulnerable to on-sea mortality than those foraging in more productive habitats. Thus, the results presented here highlight the need for further research on turtle distribution and foraging ground use to ensure survival of this species.
In summary, the observed differences in reproductive output were a result of differential use of foraging grounds of contrasting productivity. Previous research showed that access to foraging grounds in the eastern Mediterranean Sea is likely dependent on rookery location within the surface current system, which might explain the observed differences in reproductive output both at an individual and at a rookery level. This is relevant from a conservation point of view because foraging ground selection plays an important role on the species' fitness and hence, females feeding in less productive foraging grounds will have smaller clutch sizes and will therefore be more vulnerable to anthropogenic and natural threats. 
